Abstract-Recently, a smart antenna, i.e., a blind adaptive antenna array, has attracted much attention to improve the capacity of a future code-division multiple-access wireless communications system. It has been demonstrated (Tanaka et al., 2000) that there is significant improvement in data demodulation through lab simulations and field experiments by employing a smart antenna of multiple elements. However, only one element is used for the pseudonoise (PN) code acquisition process, which is a coarse PN code synchronization prior to data demodulation. This paper proposes a simple and practical PN code acquisition scheme, which employs all elements in the smart antenna. Also, this paper uses an adaptive threshold for the PN code acquisition. Simulation results demonstrate that the proposed scheme can significantly improve the PN code acquisition performance, e.g., the PN code acquisition time will be half as long by employing five elements rather than the single element at a given bit-energy-to-interference power spectral density ratio.
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I. INTRODUCTION
A PPLICATIONS of a smart antenna to a direct-sequence code-division multiple-access (DS-CDMA) wireless communications system have received much attention recently because a smart antenna can suppress the interfering signals if their direction-of-arrival (DOA) angles are different from that of the desired signal [1] , [2] . A smart antenna can increase the signal-to-interference-plus-noise power ratio (SINR) for traffic channel data demodulation, but only one element output out of array elements has been used in [1, lines 7-9, p . 1497] for the pseudonoise (PN) code acquisition purpose. The PN code acquisition process is a coarse PN code synchronization prior to the data demodulation. The mobiles may transmit signals with low power because of an expected high-smart antenna gain at a base station, and if only one element is employed for PN code acquisition, then the received SINR at a base station may not be sufficient. Thus, a joint process of PN code acquisition and smart antenna weighting coefficient adaptation has been desirable but is not an easy task. PN code synchronization using antenna arrays has been addressed in [3] by the authors, with no adaptive thresholds, and also in [4] and [5] based on the signal subspace techniques. However, the signal subspace techniques are difficult to implement with the currently available chip technologies because they require enormous computational loads, and also, they assume short PN codes. The current and near future CDMA mobile applications have employed the long PN codes, e.g., the second-generation (2-G) and third-generation (3-G) CDMA systems [6] - [8] .
The goal of this paper is to propose an efficient PN code acquisition scheme using all elements in a smart antenna, which can be applied for the 3-G CDMA systems. We approach the problem by realizing that within an observation time interval, e.g., 256 PN chips to test a given PN code phase in a serial PN code search, we are able to update the weighting vector for the smart antenna more than 40 times. Typically, the antenna weight vector converges to the desirable one within 40 updates, i.e., snapshots, if the PN code phase hypothesis is correct [9] . Per snapshot, it takes only computational instruction cycles [10] , e.g., 250 ns for elements by assuming 5 ns per instruction cycle [11] . Thus, the snapshot rate can be as fast as a chip rate of 1.2288 or 3.84 Mc/s. If the PN code is out of synchronization, the weight vector will not converge, and the accumulated energy over an observation interval will be likely to be smaller than the threshold set and the trial PN code phase will be shifted for the next trial hypothesis.
A fixed threshold has been employed for many serial PN code search schemes with a given false alarm probability and a given bit-energy-to-interference power spectral density ratio , as in [3] and [12] , but in a real mobile fading environment, the received often varies. Therefore, the fixed threshold acquisition algorithms may result in undesirable performance. Some form of adaptive threshold setting algorithms may be more desirable. Recently, Choi et al. [13] proposed to use an adaptive threshold by measuring the instantaneous received signal, plus interference power, prior to the PN code correlation and employing it to scale a fixed reference threshold for each observation interval. In our proposed acquisition system, this adaptive threshold is also employed because our mobile channel is time varying.
To verify the performance of the proposed PN code scheme, performance bounds will be calculated in terms of false alarm probability , detection probability , and average acquisition time under Rayleigh mobile fading environment. A perfect smart antenna weight vector is assumed for the calculations of bounds when the trial PN code phase is within the PN code tracking range, e.g., within a half chip time interval. These bounds will be loose. Thus, simulation results will be presented also. Both the simulation results and bounds will show that the proposed scheme is robust against the received signal Section II describes the system model for the proposed PN code acquisition scheme. Section III presents an upper bound of the detection probability and a lower bound of the PN code acquisition time . Section IV provides the simulation results, compares them with the bounds, and also compares the simulation results with and without the smart antenna case. Section V concludes the paper.
II. SYSTEM MODEL AND PROPOSED ALGORITHM Fig. 1 shows a block diagram of the proposed PN code acquisition scheme for a DS-CDMA system with a smart antenna and an adaptive threshold setting circuit. Fig. 2 presents the corresponding detailed flow chart of the proposed PN code acquisition scheme. All array elements are employed in this paper for a PN correlation search while only one element is employed in the existing literature [1] , [2] . A linear array with the element spacing equal to one half of the carrier wavelength is assumed, and the array antenna elements are also assumed to have an identical response to any direction. The array response vector can be written as (1) where is the DOA from the desired user signal and denotes the transpose. Equation (1) is based on the same or a similar simplified model for an array response vector that appears in many publications [2] , [14] - [20] by assuming zero beam spread angle. The zero beam spread angle model fits into a macro cellular system well because of the high-antenna height at a base station. In fact, the array response vector model is not the main issue of this manuscript. Even if a more practical array response vector model was employed, a typical adaptive array antenna algorithm like normalized least mean square (NLMS) used in (14) would adapt its weight vector to a given array response vector, and the NLMS will improve the SINR significantly (maybe a little bit less than the maximum gain dB), compared to a single element case. As long as a smart antenna is applied to improve bit-error rate (BER) performance, then the same smart antenna can be used to improve PN code acquisition, as suggested in the paper. This is the main issue.
The received signal at the th element can be written as (2) where is the received signal power, and are the fading amplitude and phase, respectively, is information data, is the PN spreading sequence, and are the angular carrier frequency and phase, respectively, is a chip interval, and is a PN code phase offset from a reference, which is assumed to be a random integer uniformly distributed between zero and , the size of the PN code sequence search range. If is not a multiple of , then the SINR will be degraded. However, degradation even with the worst within the PN code tracking range is negligible in practice, e.g., 0.2 dB when a complete serial search of four samples per chip and a bandlimited filter are employed [12, p. 53] . Even if the code phase offset were not at integer multiples, the same conclusion would be made because the same environment is applied to both the smart antenna and a single antenna case. A simplified search, which shifts the trial PN code sequence by , is considered for simplicity. The phase of the PN code can be shifted in a fraction of chip interval in a complete search, and it takes a long simulation time. A single dwell is assumed for simplicity [12] . The proposed scheme can also be applied for a complete and multidwell PN code search. The in (2) represents an additive white Gaussian noise (AWGN) bandpass interference plus noise signal. The PN spreading signal is written as (3) where spreading sequence with equal probability, and is a time-limited rectangular shape pulse with unit amplitude and duration . A bandlimited instead of a timelimited filter can be employed. A time-limited filter is worse than a bandlimited filter in the SINR sense [12, eqs. (3.3a) and (3.3b)]. Also, the interchip interference is negligible [12, eq. (3.8) ], compared to the thermal noise and other user interference contributions. It is not an important issue whether a time-limited or a bandlimited filter is used because a conclusion similar to the one stated in the paper can be made. The carrier synchronization is not assumed because noncoherent PN code single dwell serial search is employed [12] . Also, a pilot channel instead of pilot symbols, i.e., for all , is used as in cdma2000 [7] . Then, the equivalent baseband signal at the th element can be rewritten as (4) where is a complex AWGN with mean zero and variance . The equivalent baseband signal is fed into the proposed PN code acquisition scheme.
Each step in Fig. 2 is described below.
Step
(Samples of Matched Filter Output):
The output of the matched filter is sampled at chip rate, and the samples are denoted by and written as (5) where , , and denote the element index, the chip index and chip energy, respectively. The and in (5) denote the fading amplitude and phase values at the th chip time, respectively. A matched filter is not necessary in this paper because one sample per chip is employed, and for simplicity, no waveform shaping filter was used. If a waveform shaping filter were employed at a transmitter, then a matched filter would be necessary at the receiver. The difference in results between no filter and a waveform shaping filter case is negligible as the BER difference between the two cases is negligible [10] . This is because the sum of differences between the no filter and the filtered case chip sample values over a bit interval has zero mean and is negligible when bit synchronization is achieved.
Step 2 (PN Despreading Output): After correlating with the local PN code, becomes (6) where is the local PN code phase, and
All antenna element outputs can be written in an -dimensional vector form as (8) where (9) can be regarded as a modified array response vector compared with in (1). Energy is accumulated every chip at each branch after PN despreading. An observation interval of chips is employed to test a trial PN code phase.
Step 3 (Accumulation Output): The accumulator output from zero to at the th branch can be written as (10) where for the first observation interval. Figs. 1 and 2 takes 40 iterations for the weight vector to converge [9] . However, it should be large enough to accumulate energy for the correct hypothesis. In this paper, is chosen to be 192 for simulation when is 256. The PN despreading accumulator output is normalized and used as the input to the weight vector adaptation processor, which is written as (11) where stands for Hermitian, and ( 
12)
Step 5 (Initialization): The weight vector is initialized as (13) Other adaptive algorithms can be applied also. If the weight vector is perfectly matched with the modified array response vector in (9), then would be . Therefore, the reference or target value is set to for the NLMS update. Let denote the convergence parameter and be chosen to be . The updated weight vector can be written as (14) where is the error between the target value, and , i.e., .
Steps 7 and 8 (Final Weight Vector and Final Accumulator Output):
The last updated weight vector can be regarded as a best weight vector in an observation interval and is used to generate a spatial correlation output with the last accumulation output .
Step 9 (Spatial Correlation Output): The antenna array spatial correlation output can be written as (15) where (16) and ( 
17)
Step 10 (Magnitude Square): The final decision variable is written as (18) Step 11 (Average Instantaneous Power Estimation): The adaptive threshold setting circuit is actually an average instantaneous power estimator during each observation interval of . Referring to Figs. 1 and 2 , and considering , we can get the average instantaneous power as (19) Step 12 (Comparison): If is larger than a scaled threshold , a PN code acquisition is declared, and the tracking loop is triggered for a single dwell serial search, where is the fixed reference threshold. Otherwise, the acquisition scheme shifts the locally generated PN code phase, and the search continues until a correct PN code phase is claimed.
III. ANALYSIS
The probability of being greater than is given as (20) To ease the derivation of the false alarm probability and detection probability , as done in [13] , we rewrite (20) using new decision variables and as (23) where is the sample mean of , given in (15), and denotes the sample variance of , given as [22] (24) Under hypothesis , when the received PN code and the local PN code are aligned with the same phase, (21) gives the detection probability , and under hypothesis , when PN codes are out of phase, (21) gives the false alarm probability , as follows:
From (22) and (23), we observe that both and are equal to 1 when , and both are equal to 0 when . So we focus on the range of between zero and one in this paper.
Choi et al. [13] analyzed for the PN code acquisition with the adaptive threshold and a single antenna. If and in (22) and (23) are compared with those in [13] , it can be noticed that in [13] is replaced by in this paper. Therefore, the analysis in [13] can be directly applicable for the PN code acquisition with the adaptive threshold and a smart antenna of elements. Assume a slow Rayleigh fading so that the amplitude , as well as the phase , remain constant over each observation time but are independent between the observation intervals [12] . Then, and can be written as
for the first observation interval, where and are constants. Therefore, (7) becomes (29) for the first observation interval where is constant.
A. Adaptive Threshold Scheme 1) When PN Code is Synchronized: This case means (30)
To find the performance bounds, we apply the perfect weight vector , which is equal to the modified array response vector in (9) , to obtain an ideal performance when the PN code is synchronized. In other words, we assume that the smart antenna can track the DOA of the desired user signal perfectly as (31) during the end period in each observation interval, , when the PN code is synchronized. In practice, a smart antenna cannot track the DOA of the desired user perfectly. This ideal case in (31) provides an upper and a lower bound of detection probability and average acquisition time , respectively. Equation (31) implies (32) Substituting (6), (30), and (32) into (17), we have (33) where , which can be easily shown to be a complex AWGN variable with zero mean and variance equal to . Substituting (33) for (15), we get the sample mean (34) where is a complex AWGN variable with mean zero and variance equal to . Substituting (33) and (34) for (22) and (23), we have (35) (36) where is the sample variance of . From (35), we can show that the decision variable has the noncentral chi-square distribution with its conditional probability density function (pdf) as (37) for a given amplitude , where is the zeroth-order modified Bessel function of the first kind, and is Rayleigh-distributed with its probability density function as (38) where is the average fading channel power. The average pdf of under synchronization is (39) where (40) From (36), we can show the decision variable has the central chi-square distribution with degrees of freedom with its pdf as follows [22] : (41) where (42) From (35) and (36), we know and are statistically independent because the sample mean and sample variance are statistically independent when they are sampled from a Gaussian distribution [22] . Then, the detection probability can be written as (43) where is the average fading channel power.
2) When PN Code Is not Synchronized: This case means (44)
Assume that the beamforming direction of the smart antenna is different from the DOA of the desired user signal. This is true in general when the PN code is not synchronized. Assume that the weight vector can be written as (45) without loss of generality. Equation (43) implies (46) Substituting (6), (44), and (46) for (17), we have (47) We can show is a complex AWGN variable with zero mean and variance equal to . Equation (47) is rewritten as (48) Substituting (48) for (15), we have (49) which is also a complex AWGN variable with zero mean and variance equal to . Substituting (48) and (49) for (22) and (23), we have (50) (51) where is the sample variance of . Following the analysis in [13] , the false alarm probability can be written as (52) We observe that the false alarm probability is a function of , , and only and does not depend on and . Thus, the adaptive threshold algorithm can approximately achieve a constant false alarm rate (CFAR).
B. Nonadaptive Threshold Scheme
Unlike the adaptive threshold scheme, the nonadaptive threshold scheme does not adjust the threshold adaptively for each observation interval. In the conventional nonadaptive serial search acquisition algorithm, hypothesis testing is performed by comparing the correlator output with a fixed threshold .
1) When PN code is synchronized: See (18)
See (34) where is a complex AWGN variable with zero mean and variance equal to
. Following the analysis in [13] , the detection probability can be written as (53) . Following the analysis in [13] , the false alarm probability can be written as
2) When PN code is not synchronized: See (46)
We observe that, unlike (52), the false alarm probability in (54) is not only a function of , , and but also a function of and . in (54) increases as increases for a given threshold due to self-noise [23] .
C. Average PN Code Acquisition Time
The acquisition time can be expressed in terms of detection probability and false alarm probability for a single dwell serial search as (55) where is the PN code sequence search range size, the unit of is , and is the penalty factor, which is fixed [12] . Thus, if and are determined, average acquisition time can be calculated from (55). Also, a lower bound of can be obtained by using the upper bound of in (43) for a given .
IV. SIMULATION RESULTS AND DISCUSSIONS
To simulate and calculate the performance of the proposed PN code acquisition scheme, we assume that 1)
; 2) the number of antenna elements , 3, and 5; 3) ; 4)
; 5) ; 6) bit rate 9600 bits/s; and 7) chip rate 1.2288 10 chips/s. Penalty factor is assumed [23] . For the adaptive threshold case, the fixed reference threshold is chosen to guarantee equal to 0.01 using (52). The chosen is 0.0179 for one element antenna; is 0.0108 for three elements antenna; and is 0.0089 for five elements antenna. For the nonadaptive threshold case, the fixed reference is chosen to make equal to 0.01 at dB using (54). One sample per chip is assumed for simulation. Jakes' fading model is used to generate a fading channel. The average fading channel power is normalized to one, velocity mph, and carrier frequency MHz. Spreading factor 128 is used, and where is information bit energy. These parameters are summarized in Table I . Figs. 3-6 show the performance bounds and simulation results with and without a smart antenna and with and without an adaptive threshold under the mobile Rayleigh fading environment. Fig. 3 shows the false alarm probabilities versus in decibels for , 3, and 5 cases using the adaptive threshold scheme under fading environment. The simulation results for for , 3, and 5 cases fluctuate around the theoretical , but very slightly. And the simulation results for do not increase as increases for the adaptive threshold scheme, as expected. This means the adaptive threshold algorithm can approximately achieve CFAR. 4 shows the false alarm probabilities for , 3, and 5 cases using the nonadaptive threshold scheme under fading environment. We observe that increases significantly for the nonadaptive threshold with a given as increases, especially for the smart antenna case with a large number of elements. This is due to the dominance of the self-noise term as increases. We also note that the simulation results for and 5 cases are higher than the analysis for high . This is because the horizontal axis in Fig. 4 is used for the single antenna case, and the effective for a smart antenna case is proportional to . Fig. 5 shows the upper bounds and simulation results for detection probabilities versus in decibels for the , 3, and 5 cases using adaptive threshold scheme under fading environment. At , the simulation results for the and 5 cases show 3.5 and 4.9 dB improvement in SINR, respectively, compared with the case. Fig. 6 shows the corresponding lower bounds and simulation results for the average PN code acquisition time with adaptive threshold scheme under fading environment. At , the and 5 cases can improve 2.7 and 4.2 dB in SINR, respectively, compared with the case. Therefore, when a base station employs the proposed PN code acquisition scheme with a smart antenna, a random access user may transmit a signal with a smaller amount of power than in the single antenna case. Interference can be reduced, and the capacity of the system can be increased. We observe that the simulation results are different from the bounds when . This is because the perfect smart antenna weight vector was assumed for the bound calculations. Tables II and III summarize the simulation results  for the two examples, which show the performance improvement clearly.
Because of the antenna array, we may incorrectly presume that the application of this paper is on the uplink of CDMA systems. However, the application of this manuscript is not necessarily limited to an uplink because a mobile station connected to a laptop may employ multiple antenna elements. In addition, many papers in the multiple input and multiple output or space time diversity technical areas have appeared recently, and most of them assume multiple transmit and receiver antenna elements. Furthermore, if the algorithm in this manuscript was applied on an uplink of CDMA systems, the ramping power in a burst-mode random access for an initial access could be reduced when the multiple antenna elements are employed, and then, multiple access interference could be reduced, compared to a single element case. Additionally, the probability of synchronization will be improved, compared to a single antenna element case. This is because the multiple antenna elements at a receiver can enhance SINR when the trial local PN code almost matches the received one. The detection probability will be higher and the access time can be smaller, compared to a single element case.
In the uplink channel, the time uncertainty is due to the maximum round trip delay rather than the code period. The paper tested the PN code acquisition time performance through simulation and analysis with PN code search window size chips for demonstration purpose. The search range is not necessary to the whole period of the PN code sequence. The in the paper represents the search window size. For an example, even if the search range is reduced to 40 chips for application on the uplink, the same method and analysis in the paper can be applied, and the same conclusion can be drawn except for some minor changes in the results due to the different search window size because the average acquisition time is proportional to , as shown in (55).
V. CONCLUSION
In this paper, an efficient PN code acquisition scheme was proposed for a DS-CDMA wireless communications system using a smart antenna and an adaptive threshold setting. All array element outputs were employed to improve the PN code acquisition performance while only one element output had been used in many practical PN code acquisition schemes [1] , [2] . We have successfully used the facts that within an observation interval of chips to test a trial PN code phase, the smart antenna weight vector can be sufficiently updated when the PN code phase is within a tracking range, and the smart antenna weight vector update does not matter if the trail PN code is not within the tracking range. Performance bounds of the proposed scheme were obtained, and also, some simulation results were presented in terms of false alarm probability , detection probability , and average PN code acquisition time under Rayleigh mobile fading environment. Bounds and simulation results indicate that the proposed PN code acquisition scheme is robust against the received signal power variations and could improve performance 2.4 times in the average PN code acquisition time or 4.5 dB in SINR to achieve the same detection probability if elements are used. Although only a single dwell serial search and a simplified search were tested in this paper, the proposed PN code acquisition scheme can be extended for other PN code search, e.g., a double dwell serial and complete search.
